A remote atmospheric pressure discharge working with ambient air is used for the near room temperature treatment of polymer foils and textiles of varying thickness. The envisaged plasma effect is an increase in the surface energy of the treated material, leading, e.g., to a better wettability or adhesion. Changes in wettability are examined by measuring the contact angle or the liquid absorptive capacity. Two regimes of the remote atmospheric pressure discharge are investigated: the glow regime and the streamer regime. These regimes differ mainly in power density and in the details of the electrode design. The results show that this kind of discharge makes up a convenient non-thermal plasma source to be integrated into a treatment installation working at atmospheric pressure.
Introduction
Most plastic materials have chemically inert surfaces with low surface tension. This causes them to be non-perceptive to bonding with substrates, printing inks, coatings and adhesives. Traditional surface treatments of fabrics and foils to improve bonding characteristics often include liquid chemical processes (e.g. acid treatment). In comparison with these methods, dry plasma treatment forms an economical and environmentally friendly alternative. Many recently developed plasma sources operate at low pressures (see, for instance, [1, 2] ) and demonstrate good treatment results. The disadvantages of these plasma systems are that vacuum equipment is expensive and continuous processing is difficult because a batch process is always necessary.
As for atmospheric pressure plasma treatment, the so-called corona treaters [3] , based on alternative current (ac) dielectric barrier discharges powered with a typical frequency of about 20-30 kHz, are widely used today for cold plasma processing of various materials. Some of the large-sized treaters are able to process sheets up to 10 m in width with linear velocities up to 30 × 10 3 -36 × 10 3 m s −1 . Such treaters can provide good energy parameters under treatment. The linear power density is in the range up to 4-5 kW m −1 , and the maximum energy dose delivered by the ac discharge onto the surface at maximum linear velocity is about 25 kJ m −2 . Some results on surface treatment using ac barrier discharges are published in [4, 5] .
For dielectric materials, the applicability of ac treaters is limited to thin substrates, because the ac discharge current strongly decreases with increase in the thickness of the treated materials, resulting in a dramatic reduction (down to zero) of the treatment intensity. Therefore, new kinds of atmospheric pressure plasma treaters need to be developed, which are not sensitive to the thickness of the treated material and can process textile and other sheet materials at high linear velocities.
Our research is aimed at producing an atmospheric pressure remote plasma treatment that operates in ambient air. Besides, our plasma system based on the use of steady-state direct current (dc) discharges is developed to avoid thermal effects that would cause degradation of heat-sensitive materials when placed in direct contact with the plasma. The design of the plasma reactor also ensures scalability to industrial roll widths. An additional advantage of the proposed remote plasma source in comparison with ac discharge treaters is the absence of limitations on the thickness of the treated substrates as the substrate is not placed between the electrodes. In the case of ac discharges the electrodes are separated by a gap not higher than 2 mm.
Experimental set-up
The experimental set-up used for the remote plasma treatment at atmospheric pressure is similar to that reported in [6] and is shown in figure 1 . The non-thermal plasma is generated between two electrodes that are connected to a dc high voltage power supply with output voltage up to 30 kV. A fast airflow transports the plasma-produced reactive particles towards the sample to be treated. To diminish any losses in reactive species during their transportation to the treated surface, the distance between the output of the plasma source and a sample is less than 10 mm. The sample is mounted on a rotating drum of about 0.40 m in diameter, in order to simulate in-line processing at variable line speeds. The results presented below are for so-called cyclical treatment. This means that the sample passes once or a number of times through the exit region of the plasma source, where it is exposed to the flowing afterglow.
Two regimes of the atmospheric pressure plasma discharge are examined: the glow regime and the streamer regime. The discharge regime mainly depends on the current density and on the details of the electrode design. The glow regime is characterized by quiet operation with steady discharge current and corresponds to the existence of diffusive plasma in the interelectrode gap. A typical range of power density in the bulk of diffusive glow discharge is 0.02-0.10 W mm −3 . When the electric current is further increased, the glow regime is followed by the streamer regime. For the streamer regime, the discharge current is strongly non-steady and is transferred by many thin (about 100-300 µm in diameter) and bright current filaments (streamers), which are randomly distributed in space and time. The typical repetition frequency for streamers is high and ranges over a few to tens of kilohertz. The high repetition frequency of streamers, their random distribution in space and the intensive turbulence in the gas flow, which is responsible for the efficient mixing of any inhomogeneities in the density of the plasma-borne reactive species, promote uniform treatment of the surface, in spite of non-homogeneity of the streamer discharge.
In our case, the atmospheric pressure plasma source consists of a plate anode and a single row of electrode elements oriented in parallel to the treated surface (figure 2). Each of these electrode elements is ballasted with a resistor of about 1 M . The electrode configuration is similar to that investigated in [7] . The electrode gap is 10 mm. The discharge is stabilized by the transverse airflow, which has a velocity of 40 m s −1 . The glow regime of the diffusive discharge has a maximum linear current density of about 0.4 A m −1 at the discharge voltage of 20 kV.
Higher current densities lead to the streamer regime. An external circuit is designed to control the repetition frequency of the streamers and the current of a single streamer. In the experiments, these values are close to 10 kHz and 0.10 A, respectively. The streamers are blown out of the gap towards the sample and forced against the treated surface by the gas flow. In this way, almost 100% of the active plasma species is generated immediately at the surface.
The value of the power density in the body of a streamer is estimated to be in the range 2-4 W mm −3 , i.e. much higher than in a diffusive glow discharge. However, the restriction of the streamer lifetime and of the current transferred by a single streamer prevent local thermal damage of the treated surface.
Quantification of the treatment efficiency
In order to evaluate the efficiency of the plasma treatment, tests are performed that quantify the wettability of the treated samples. For surfaces with a closed structure (e.g. polymer foils), the surface energy can be derived from the measurement of the static contact angle of small droplets of distilled water or other liquids (e.g. pure glycerine) on the treated surface [8] . The value of the static contact angle was obtained by microscopic measurements of the diameter of 5 µl droplets of distilled water deposited on the horizontal polymer surface at the mid-plane of the discharge.
For surfaces with a more open structure-such as nonwoven and woven fabrics-the plasma induced changes in wettability were quantified by measuring the liquid absorptive capacity (W A ), according to DIN 53 923 (EDANA 10.1-72) [9] . W A is defined as the amount of water that a fabric has absorbed after 1 min immersion in water, relative to its own weight. In the determination of W A , the temperature of the distilled water strongly influences the value of the liquid absorptive capacity measured (see figure 3) . Therefore, the water temperature was kept constant (20˚C) under all quantitative measurements of the values for W A .
The more common liquid wicking rate test (DIN 53 924; EDANA 10.4-72) could not be performed on some of the samples due to their structure and hydrophobicity. Water contact angle on textile samples could only be determined for samples with a smooth surface.
Experimental results
As may be inferred from the discharge characteristics mentioned above, the plasma treatment effect is, for the same plasma exposure time, stronger in the streamer regime than in the diffusive glow discharge regime. However, the use of one or the other discharge regime for a given process will ultimately depend on a combination of factors, including treatment efficiency, uniformity of the plasma effect and the required increase in surface energy. The main goal of our work, therefore, is to demonstrate the performance of a dc discharge in flowing ambient air in the treatment of different polymer materials, rather than give a comparative study of the two discharge regimes. Experimental results were obtained at power loadings P ranging from 0.04 to 0.80 W mm −2 . The power loading is defined as the discharge power per square centimetre of the exposed surface (averaged in time for the streamer regime). The total area of the treated sample is 35 mm × 100 mm. Figure 4 presents the first example of the results on plasma processing of 0.05 mm thick polymer films using a dc discharge at atmospheric pressure. This figure shows the water contact angle as a function of treatment time, which is proportional to the dose of energy delivered onto the surface (the energy dose E is defined as the power loading P multiplied by the treatment time τ (E = P τ )). It can be seen that the contact angle of the PET-foil decreases drastically with increasing treatment time, predominantly within the first second of treatment time when the surface density of the energy dose does not exceed approximately 300 J mm −2 . For a treatment time of more than 1 s, the contact angle seems to stabilize at a value of about 40f or the glow regime, while for the streamer regime the contact angle stabilizes at 25˚.
Poly(ethylene terephthalate) foil (PET-foil)
For the same treatment time, the streamer regime leads to a lower contact angle than the glow regime. The reason for this is the higher energy density at the surface provided by the streamers compared to the glow regime. According to optical microscopic observations, no physical (degradative) changes can be seen on the treated surface. Figure 5 (a) contains data on plasma treatment of a 3 mm thick silicone sample (polydimethylsiloxane) with a smooth surface by discharge in the glow and streamer regimes. As in the case of the PET-foil, the static contact angle of water droplets on the silicone surface decreases with increase in the treatment time (i.e. with energy dose). Again, it was seen that the surface streamers are more effective in plasma processing of the silicone substrates. For the streamer regime, a very rapid decrease of contact angle with energy dose occurs. The characteristic density of the energy dose ensuring a decrease of the contact angle down to 30˚is nearly 250 J mm −2 . When using the glow regime, longer treatment times are needed to accumulate the same energy dose on the surface and to obtain significant effects.
Silicone
For the treated silicone surface, an ageing effect was observed, i.e. after plasma treatment the initially low contact angle increases with time, as demonstrated in figure 5 (b) for a sample treated by surface streamers. The initial contact angle after a treatment of 5 s is very low and increases to a constant value of 40˚after 15 h of ageing. It should be noted that the final value of the contact angle is considerably lower than the 110f or an untreated surface and results, therefore, in a wettability that is sufficient for many practical purposes.
Polymer nonwovens

PET nonwoven.
Experimental results on plasma treatment of a PET nonwoven are shown in figure 6 . It is interesting to note that the liquid absorptive capacity W A depends non-monotonically on the treatment time (or the energy dose) for both regimes of a discharge. Therefore, based on this dependence, one may conclude that from the energy saving point of view there is no need to treat the PET-nonwovens with atmospheric plasma for times longer than 1-2 s (for the case of the streamer regime, such a treatment time corresponds to an energy dose of 500-1000 J mm −2 ). In total, remote cold plasma processing of PETnonwovens with an atmospheric pressure discharge is very effective but the surface streamers influence the liquid absorptive capacity more efficiently compared to the glow regime.
Polypropylene nonwoven.
Data on non-thermal plasma treatment of the polypropylene (PP) nonwoven with the discharge in the streamer regime are presented in figure 7 . One can see that the maximum in liquid absorptive capacity of the treated PP-nonwoven is much higher compared to the initial value of W A , and is reached after a very short treatment time compared to PET-nonwovens (about 0.1 s and energy dose 50 J mm −2 , which is approximately ten times smaller compared to the values for PET-nonwovens). So, in comparison with the PET-nonwoven, the PP-nonwoven is more sensitive to non-thermal plasma processing.
According to figure 7 , a further increase in the energy dose deposited at the treated surface is not necessary from the practical point of view because it results in a slight reduction of W A from 1170% after a 0.1 s treatment to 1130% after 10 s of processing. Figure 8 shows results for polyamide (PA) and PET woven fabric samples treated with surface streamers. The samples were in different stages of industrial preparation for further processing: (1) unwashed, (2) washed and thermally stabilized and (3) finished (washed, thermally stabilized and dyed). For the PA samples, the treatment has the most influence on the raw fabric, while the influence on the washed and thermally stabilized fabric is similar to the influence on the finished fabric. For the PET samples, the increase in liquid absorptive capacity is lower than for the PA sample and, here, the influence on the finished fabric is similar to the influence on the raw fabric. For all samples, the increase in liquid absorptive capacity after plasma processing is essential and occurs mainly in the first second of treatment.
Polymer woven fabrics
Discussion
A discussion of physico-chemical processes governing the qualitative dependences of the contact angle and liquid absorptive capacity on treatment time or energy dose is beyond the scope of this paper. The main discussion is focused on a correlation between the surface treatment performance of the non-thermal plasma source described and the properties of a dc-excited discharge in flowing ambient air.
In general, the streamer regime provides more intensive surface treatment compared to the glow regime. The first reason for this is the high value of the power density in the body of a streamer (2-4 W mm −3 ), which is much higher than in a diffusive glow discharge (a typical range of power density in the bulk of diffusive glow discharge is 0.02-0.10 W mm −3 ). The second reason is that streamers are blown out of the gap towards the sample and forced against the treated surface by the gas flow. In this way, almost 100% of the active plasma species is generated immediately at the sample without essential heating of the surface, because of the short streamer lifetime. From the above discussion, we see that the streamer regime could provide the surface treatment at high velocity and with high productivity.
However, the gentle glow regime can provide higher energy efficiency of surface treatment compared to an intensive streamer regime. Indeed, according to figures 5(a) and 6, practically the same results (contact angle about 40˚or W A about 18%) can be obtained in the glow regime for a treatment time approximately 10 times larger than in the streamer regime. Because the power density of the glow regime is much lower than that of the streamer regime, it provides, in total, a small value of energy dose for the same treatment effect.
So, we can conclude that the streamer regime can provide an intensive surface treatment with high productivity, while the glow regime can provide gentle surface treatment with a low energy dose.
Conclusion
The set of experimental results on the near room temperature surface treatment of dielectric materials (PET-foil, thick silicone substrate, polymer nonwovens and polymer woven fabrics) with a steady-state dc discharge in flowing air in both glow and streamer regimes proves that this kind of discharge is a convenient and efficient source of non-thermal plasma that can be used in in-line non-thermal plasma treaters operating at atmospheric pressure.
Moreover, the results presented above show that in an airflow-stabilized dc discharge the same linear power density can be reached as in an ac barrier discharge. Additionally, the ability of the plasma source to operate in two distinct plasma regimes adds to the flexibility of tuning the operating conditions for a specific plasma processing task.
